Another unrelated patient (kindred B) with sporadic HCM had identical mutations. The remaining two patients (kindred C), a mother and son, had a novel MHC mutation (lysine 450 glutamic acid) (Lys450Glu) and a heteroplasmic missense (T9957C, phenylalanine (Phe)->leucine (Leu)) mtDNA mutation in subunit III of the cytochrome C oxidase gene. The amount of mutant mtDNA was higher in the myocardium than in skeletal muscle or peripheral blood and in affected patients than in asymptomatic relatives. Mutations were absent in the controls. Pathological and biochemical characteristics of patients with mutations Arg249Gln plus A4300G (kindreds A and B) were identical, but diVerent from those of the two patients with Lys450Glu plus T9957C(Phe->Leu) mutations (kindred C). Cytochrome C oxidase activity and histoenzymatic staining were severely decreased in the two patients in kindreds A and B, but were unaVected in the two in kindred C. Conclusions-MHC gene and mtDNA mutations may coexist in patients with HCM and end stage congestive heart failure. Although MHC gene mutations seem to be the true determinants of HCM, both mtDNA mutations in these patients have known prerequisites for pathogenicity. Coexistence of other genetic abnormalities in MHC linked HCM, such as mtDNA mutations, may contribute to variable phenotypic expression and explain the heterogeneous behaviour of HCM. (Heart 1998;80:548-558) 
Another unrelated patient (kindred B) with sporadic HCM had identical mutations. The remaining two patients (kindred C), a mother and son, had a novel MHC mutation (lysine 450 glutamic acid) (Lys450Glu) and a heteroplasmic missense (T9957C, phenylalanine (Phe)->leucine (Leu)) mtDNA mutation in subunit III of the cytochrome C oxidase gene. The amount of mutant mtDNA was higher in the myocardium than in skeletal muscle or peripheral blood and in affected patients than in asymptomatic relatives. Mutations were absent in the controls. Pathological and biochemical characteristics of patients with mutations Arg249Gln plus A4300G (kindreds A and B) were identical, but diVerent from those of the two patients with Lys450Glu plus T9957C(Phe->Leu) mutations (kindred C). Cytochrome C oxidase activity and histoenzymatic staining were severely decreased in the two patients in kindreds A and B, but were unaVected in the two in kindred C. Conclusions-MHC gene and mtDNA mutations may coexist in patients with HCM and end stage congestive heart failure. Although MHC gene mutations seem to be the true determinants of HCM, both mtDNA mutations in these patients have known prerequisites for pathogenicity. Coexistence of other genetic abnormalities in MHC linked HCM, such as mtDNA mutations, may contribute to variable phenotypic expression and explain the heterogeneous behaviour of HCM.
(Heart 1998;80:548-558) Keywords: myosin heavy chain; mitochondrial DNA; hypertrophic cardiomyopathy; oxidative phosphorylation; congestive heart failure Familial hypertrophic cardiomyopathy (HCM) is a genetically transmitted heart disease with a dominant mode of inheritance. 1 The disease is caused by more than 50 mutant alleles. Most mutations have been identified in the myosin heavy chain ( MHC) gene, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and, less frequently, in the genes for cardiac myosin binding protein C, 12 tropomyosin, 13 14 cardiac troponin T, 13 15 and myosin light chain. 16 Although these mutations in genes encoding for sarcomeric proteins have been causally linked to HCM, it is not clear why the clinical spectrum of HCM is so heterogeneous, even within a single family.
Recent studies have reported that maternally inherited, non-X linked HCMs are associated with defects in mitochondrial oxidative metabolism, which are primarily due to mitochondrial DNA (mtDNA) deletions and to mtDNA transfer RNA (tRNA) point mutations. [17] [18] [19] [20] [21] [22] [23] [24] Defective mitochondrial function may be associated with a reduced energy supply to the heart and may contribute to congestive heart failure (CHF), particularly in patients with a severely hypertrophic myocardium. This hypothesis is supported by the association of mtDNA mutation with dilated cardiomyopathy. 25 In the present study, we describe the coexistence of pathological mutations in the MHC gene and mtDNA in three families of four patients with HCM who developed CHF requiring heart transplantation. DNA was obtained from heart, skeletal muscle, and peripheral blood specimens of these four patients, and another aVected relative, as well as from blood of 36 other relatives. The findings are compared with those of 111 healthy volunteers.
Patients and methods
Four patients from three families (A, B, and C) underwent orthotopic heart transplantation for CHF secondary to HCM. Pedigree and genetic analyses of the three kindreds were performed (fig 1 and table 1 ). Detailed historical and subsequent clinical investigation of 60 maternal relatives of the kindreds showed that 22 had HCM or were diagnosed as having HCM before death. Forty two maternal members are alive. Four relatives, in addition to the four probands, are symptomatic; four with echocardiographic asymmetrical septal hypertrophy on screening are asymptomatic and one relative has an isolated electrocardiographic abnormality. All living relatives were born to mothers with normal pregnancies and delivered to healthy, non-consanguineous parents.
KINDREDS A-C, PATIENTS, AND MATERNAL

RELATIVES
Family A Patient A-IV-9, the proband, is a 44 year old man who underwent transplantation 11 years ago. The patient has been well except for recent chronic renal failure. Two cousins also have HCM. The first cousin (A-IV-1) is a 46 year old man who presented with recurrent sustained ventricular tachyarrhythmias three years earlier: HCM was diagnosed. He was refractory to various antiarrhythmic drugs and an automatic cardioverter defibrillator was implanted. He also has pes cavus and persistent hypomagnesaemia with excessive renal magnesium loss. There is no evidence of CHF. The second cousin, A-IV-5, is a 42 year old man who was diagnosed as having HCM two years ago. He also has isolated persistent hypomagnesaemia with inappropriate renal magnesium loss and pes cavus. He is clinically stable and is receiving blockers.
Four additional asymptomatic individuals with asymmetrical HCM (A-III-11, and A-IV- 18-19-20) were identified by screening of the remaining family members. All four have hypomagnesaemia and three have pes cavus. Another relative (A-IV-7) has isolated T wave inversion in leads V1−V3 and hypomagnesaemia. Living, unaVected maternal relatives without cardiovascular problems were also evaluated: hypomagnesaemia was found in five and pes cavus in one ( Family C Two patients, a mother and son, underwent heart transplantation for end stage heart failure complicating HCM. HCM was diagnosed in the mother (C-II-2, 55 years old) 19 years earlier. A permanent pacemaker was implanted for complete atrioventricular block seven years earlier. She is doing well after heart transplantation. Her son (C-III-1) at the age of 17 also underwent pacemaker implantation due to complete atrioventricular block. He underwent cardiac transplantation when aged 31 years but died of sepsis three days after transplantation. One of his daughters and one sister also have HCM. The aVected daughter (C-IV-1, 9 years old) has supraventricular arrhythmias and is receiving calcium channel blockers. His sister (C-III-3, 31 years old) also has asymmetrical HCM; she recently developed supraventricular tachycardia with a concealed atrioventricular accessory pathway and underwent transcatheter radiofrequency ablation. She is doing well and is receiving calcium channel blockers. 
GENETIC ANALYSIS IN THE KINDREDS AND
CONTROLS
Peripheral blood specimens, pectoral skeletal muscle, and explanted hearts from the four probands were used for total DNA extraction. Endomyocardial and skeletal muscle biopsy specimens of a cousin of proband A-IV-9 were also available. In addition, peripheral blood specimens from the seven patients with HCM in family A (including one isolated electrocardiographic abnormality) were obtained for molecular analysis. There were no additional patients with HCM in family B. Maternal consent for genetic analysis of patient C-IV-1 was obtained; other relatives declined genetic analysis. Peripheral blood specimens were also obtained from 18 of 19 unaVected maternal relatives of family A and from the nine unaVected relatives of family B. The only living, unaVected maternal relative in kindred C (C-III-5) could not be traced.
In addition to 27 unaVected maternal relatives, total DNA was obtained from 111 unrelated healthy volunteers. They underwent clinical Total DNA was isolated from explanted tissue, skeletal muscle, and peripheral blood specimens of the four cardiac allograft recipients and of patient A-IV-1 with standardised protocols, 26 as well as from peripheral blood specimens of the remaining asymptomatic, symptomatic, and unaVected maternal relatives and of 111 healthy controls. Specific oligonucleotide primers were designed and synthesised for analysis of exons 3-23 of the MHC gene and for the 22 mtDNA tRNA genes. The selected genomic regions were amplified by polymerase chain reaction (PCR) and subjected to denaturing gradient gel electrophoresis (DGGE) 27 or single strand conformational polymorphism (SSCP) 28 for mutation screening. Abnormal DGGE or SSCP conformers underwent direct automated sequencing for specific identification of mutation sites. Restriction enzyme digestion was performed to assess mtDNA mutation heteroplasmia and to confirm heterozygous nuclear DNA mutations. Mismatch primers were generated when mutations did not gain or lose restriction enzyme sites. Enzyme digestion analysis was extended to all family relatives and the controls. Densitometric analysis was performed to estimate the amount of mutant mtDNA.
Synthesis of oligonucleotide primers
Primers were designed on the MHC gene 29 and mtDNA 30 sequences (table 2) . A 392 DNA−RNA synthesiser Perkin Elmer−ABI, Foster City, California, USA) was used to synthesise primers. They were purified with oligonucleotide purification cartridges (Perkin Elmer−ABI). Forward GC clamp primers were synthesised for DGGE.
Polymerase chain reaction PCR products for 22 mt tRNAs and exons 3-23 of the MHC gene were generated from 0.1 µg of total DNA in an automated thermal cycler (Cetus Gene Amp PRC System 9600; Perkin Elmer−ABI). Amplified fragments were separated by electrophoresis on 2% agarose gel and stained with ethidium bromide.
DGGE and SSCP
Screening to detect base changes was performed with DGGE or SSCP as described previously. 27 28 Abnormal conformers were subjected to further analysis.
Automated DNA sequencing DNA was purified with Centri-sep spin columns (Perkin Elmer−ABI) and used for cyclical sequencing with the Taq DyeDeoxy Terminator Cycle Sequencing Kit. Sequence gels were run in a 373A DNA Sequencer (Perkin Elmer−ABI) according to the manufacturer's recommendations.
Sequence comparisons and analyses were performed with Sequencer TM 3.0 software (Gene Codes Corporation, Ann Arbor, Michigan, USA).
Measurement of mutant mtDNAs
The two mtDNA mutants and one MHC gene mutant did not modify the restriction enzyme map. Therefore, we designed and synthesised mismatch primers that, in combination with each given mutation, gained or lost a restriction enzyme site. Heteroplasmy was assessed with restriction enzyme digestion on PCR products obtained from combination of mismatch primers (see Results) and corresponding reverse primers. Appropriate plasmid controls assessed complete restriction enzyme activity. Relative amounts of mutant mitochondrial genomes were measured with a BioProfile Bio-1D Blot Analyzer (Vilber Lourmat Biotechnology Division, Marne La Vallee, France).
HISTOPATHOLOGICAL, ULTRASTRUCTURAL, HISTOCHEMICAL, AND BIOCHEMICAL STUDIES
Hearts explanted at transplantation were macroscopically examined and photographed. The septal and left ventricular free walls were sampled for microscopic study.
Histopathological studies
Myocardial and skeletal muscle biopsy samples were fixed by immersion in buVered 10% formalin, dehydrated rapidly, and embedded in paraYn, cut serially, and stained as described previously. 31 
Histoenzymatic studies
Frozen sections were cut (10 µm thickness) and placed on silanised slides. The sections were stained with a modified Gomori trichrome procedure. The sections were also stained for cytochrome C oxidase (COX), NADH dehydrogenase, and succinate dehydrogenase (SDH) (Bio-Optica Staining Kits; Bio-Optica, Milan, Italy). 32 
Electron microscopy
Tissue samples were fixed in Karnovsky solution and embedded in resin as previously reported. 33 Ultrathin sections were stained with lead citrate and uranyl acetate, and examined with a Zeiss 902 electron microscope.
Biochemical assay
Activities of COX, NADH dehydrogenase, and SDH in whole heart homogenates were measured according to standard recommendations. [34] [35] [36] Controls Donor heart biopsy specimens and hearts excised at transplantation from patients with end stage ischaemic heart disease (n = 3), valvar heart disease (n = 4), and dilated cardiomyopathies in which mtDNA sequencing excluded pathological mutation (n = 6) were used as controls for histoenzymatic and biochemical studies.
Results
MHC GENE STUDY
G7981A transition was identified in probands A and B. A10428G transition was found in patients of kindred C. These mutations were not identified in 24 unrelated patients with HCM studied in our laboratory (unpublished data), nor were they seen in the healthy controls.
A7981G transition (832 in cDNA) in exon 9 of probands A-IV-9 and B-III-1 created a nonconservative amino acid substitution of glutamine (Gln) for arginine (Arg) at position 249. The mutation produced a change of charge from +1 to 0 (−1), and abolished a normally present EcoRI site (fig 2A and D) . All echocardiographically aVected patients of kindred A, whether symptomatic or asymptomatic, carried the MHC gene mutation.
Patient A-IV-7 with isolated T wave inversion in leads V1−V3 also had the same mutation.
The proband in kindred B had a de novo Arg249Gln mutation, which was not present in his maternal or paternal relatives. Paternity was assessed with a microsatellite STR ABI Prism STR primer set (Perkin Elmer), 37 which includes the tetrameric STR loci: vWA31,TH01, F13A, and FES/FPS. The results showed that the proband inherited one allele from each parent for each of the four loci.
Both mother and son in kindred C carried an A to G transition at position 10 428 (1435 of cDNA) in exon 14. The mutation creates a non-conservative amino acid substitution of glutamic acid (Glu) for lysine (Lys) at position 450. The mutation resulted in a change of charge from +1 to −1 (−2). A forward mismatch primer (5'AGCCGCATCAAT-GCCACCCTGGAGCC3', mismatch underlined) ( fig 3C) combined with the mutation generated a new AvaI site, which cleaved PCR fragments generated from the mutated Analogous to MHC gene mutation, mtDNA tRNA mutations in patients and maternal relatives in kindreds A and B were identical. mtDNA mutations in the hearts of patients in kindred C were identical and exclusive of those found in kindreds A and B.
Automated DNA sequence analysis identified an A to G transition at position 4300 in the anticodon stem of the tRNAIle in kindreds A and B (fig 2B) . A forward mismatch primer (5'AGAGTTACTTTGATAGGG3', mismatch underlined) combined with the mutation generated a new HphI site; HphI cleaved the PCR fragments generated from the mutated template into two fragments of 235 and 28 bp (fig 2C and D) . The mutation was heteroplasmic, with a nearly homoplasmic pattern in both proband hearts. The amount of mutant mtDNA was higher in the heart than in skeletal muscle and peripheral blood. It was also higher in aVected patients than in asymptomatic relatives. At least 90% mutant DNA was required for manifestation of the disease. All maternal relatives of both A and B probands carried the heteroplasmic A4300G transition in tRNAIle; the percentage of heteroplasmy varied from 50% to 98%. In addition, numerous mtDNA polymorphisms were identified, demonstrating (III-1, D) . Table 1 lists the height and body weight of patients.
Figure 4 (A and B) Macroscopic views of the hearts excised at transplantation from the two probands of families A and B. Note the similar macroscopic pattern, intraseptal scarring, ventricular thickness, and dilatation. (C and D) Macroscopic views of the hearts excised at transplantation from the aVected mother and son of family C. Septal hypertrophy is asymmetrical and more prominent in the mother's heart (II-2, C) than in the son's heart
the diVerent genetic background of the three families.
In the two patients of family C, we identified a T to C transition at position 9957 (phenylalanine−leucine), corresponding to the C terminal region of CoxIII ( fig 3A) . The forward mismatch primer (5'CATTTTGTAG-TAGTGGTTTGAGTA3', mismatch underlined), combined with the mutation, generated a new RsaI site; RsaI cleaved the 78 bp PCR fragment into two fragments of 23 and of 55 bp ( fig 3B) . The mutation was heteroplasmic with a nearly homoplasmic pattern in the heart of patient C-III-1.
PATHOLOGICAL AND BIOCHEMICAL STUDIES
The four explanted hearts had hypertrophic, grossly dilated left ventricles. Similar intramural septal scars were found in the hearts of probands A and B (fig 4) . Histological examination showed myocyte hypertrophy, myocyte disarray, and interstitial fibrosis. Intimal thickening in the coronary arteries was minimal, homogenous, and fibrous. Ultrastructural studies showed an increased number of pleomorphic giant mitochondria with concentric cristae and osmiophilic inclusion bodies in the hearts of kindreds A and B. Mitochondria had concentric and tubular cristae with occasional osmiophilic inclusions in kindred C hearts ( fig 5) .
Histochemical characteristics of the mitochondrial respiratory chain enzymes in probands A and B with identical mtDNA tRNA mutations were similar to each other but diVerent from those of kindred C, which carried a diVerent mtDNA mutation in the CoxIII gene (fig 6) . Patients with A4300G tRNAlle mutation had a severe COX deficiency (COX activity = 16; mean reference value 155 (34) . There was a negligible decrease in the activities of COX, NADH dehydrogenase, and SDH in the hearts of kindred C with T9957C mutation in CoxIII gene.
Skeletal muscle samples stained with the modified Gomori trichromic method did not show ragged red fibres. SDH stain did not show pre-ragged fibres. COX, NADH dehydrogenase, and SDH stain patterns were normal as was mitochondrial enzyme activity. Some muscle fibres had rare centralised nuclei and sparse non-specific lysis and damage of the myofilaments; ultrastructural examination showed occasional subsarcolemmal hyaline bodies ( fig 5C) . Mitochondria did not increase in number and showed focal non-specific patterns of cristolysis.
Discussion
The present study demonstrates the coexistence of MHC gene missense mutations and heteroplasmic mtDNA mutations in patients with HCM and late CHF. Patients sharing identical mutations had similar clinical histories, morphological features, and histochemical characteristics. The amount of mutated mtDNA segregated with the CHF phenotype and was higher in the myocardium than in skeletal muscle or peripheral blood. It was also higher in aVected patients than in asymptomatic relatives.
Both MHC gene and mtDNA mutations seen in families A and B have been causally linked to HCM. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Mutation Arg249Gln was detected in a Canadian family, 8 while A4300G mtDNA tRNAIle was described in an Italian family. 19 mtDNA in the Canadian family and the MHC gene in the Italian family were not analysed. Prerequisites for pathogenicity are present in the mutation Arg249Gln: the mutant residue has been strongly conserved throughout evolution and it has not varied in any vertebrate muscle myosins (Swissprot Database). 38 In the Canadian family, the mutation co-segregated with the disease and showed an age related penetrance: only one of nine aVected family members with the mutation was younger than 20 years. 8 In our series, family members with mutation Arg249Gln had an age related penetrance. Accordingly, seven of eight patients older than 20 years had HCM; the remaining one had electrocardiographic negative T waves in leads V1−V3. In contrast, family members mtDNA and myosin heavy chain mutations in HCMyounger than 20 years had no evidence of the disease. Furthermore, the outcome of aVected family members in kindred A was similar to that of the Canadian kindred; 10 of 21 patients (48%) of the Canadian family died of HCM, with four sudden deaths. Similarly, of 11 aVected members of kindred A, two died suddenly, two died of CHF, one underwent cardiac transplantation, and one had life threatening ventricular tachyarrhythmias. Two possibly aVected patients (A-III-15 and III-17) died of unspecified cardiac failure in their 50s.
One family member was aVected in kindred B. Maternal and paternal relatives had normal electrocardiographic and echocardiographic findings. The mutation appeared to be de novo and neither parent had mutation Arg249Gln. Maternity was assessed by mtDNA study and paternity with a specific microsatellite panel. Therefore we hypothesise that G7981 is a hot spot region. De novo MHC gene mutations in sporadic HCM have been reported by Watkins et al. 2 The finding of an identical mutation in sporadic HCM (our B patient) as well as in familial HCM (our A and QQ Canadian kindreds) supports further the hypothesis that the mutation itself has a role in the pathogenesis of the disease.
Detection of the A4300G transition in mtDNA tRNAIle in families A and B suggests that this mutation also plays a part in the pathogenesis of the disease: adenine at position 4300 has been highly conserved throughout evolution 19 and the mutation is heteroplasmic. A higher proportion of mutated DNA was found in aVected patients with an almost homoplasmic pattern in the aVected end organ. COX activity and stain intensity were also considerably lower than in the controls. Normal staining was seen only with occasional myocytes, analogous to that observed in ragged red fibres in skeletal muscle from patients with mitochondrial encephalomyopathy lactic acidosis and stroke-like syndrome (MELAS). 39 Myocytes from patients with mutation A4300G had increased numbers of mitochondria, as well as an increase in their size and altered morphology (concentric and abnormally arranged cristae). It seems likely that the A4300G mtDNA mutation, which lies in the anticodon stem of tRNAIle, does not severely aVect isoleucine transfer, so a very high amount of mutated DNA is necessary to cause deficient expression of COX. Finally, this mutation has been reported as a causative mutation responsible for cardiomyopathy in an Italian patient with an identical phenotype. 19 The described findings support the hypothesis that mutation Arg249Gln in the MHC gene could be the true determinant of the hypertrophic phenotype, while mtA4300G could aVect energy supply, resulting in CHF. This hypothesis is most likely in hypertrophic hearts in which the mutant protein negatively influences activity of the wild-type one (dominant negative pathogenic hypothesis). 11 The amount of mutated mtDNA, its progressive accumulation with aging, and age dependent penetrance of Arg249Glu could explain why young patients with both mutations may not present the phenotype. A major limitation of the study lies in the fact that the percentage of mutated mtDNA could not be studied in the hearts of mutated relatives with the subclinical phenotype as an invasive procedure such as endomyocardial biopsy may be unethical in asymptomatic patients. However, the mtDNA mutation alone was not associated with disease nor the MHC mutation alone. Family members exclusively carrying the MHC mutation are healthy but young (less than 20 years). Accordingly, the question of whether mtDNA mutation is important for disease will probably be clarified by follow up. It is pertinent to discuss patient A-IV-7 who is 39 years of age and has both MHC and mtDNA mutations. Her echocardiogram is within normal limits but she has negative T waves in leads V1−V3. A low percentage of mutated mtDNA in her heart could partially explain the absence of disease. She has three healthy sons: one has both MHC and mtDNA mutations and the remaining two have only mtDNA mutations. The child with both mutations is younger than 20 years. The absence of disease in all A4300G maternal relatives of our sporadic proband B makes it unlikely that this mutation is, by itself, pathogenic and the abundance of the mutation in aVected hearts (nearly homoplasmic) makes it a co-determinant in the congestive evolution of the disease.
Identical considerations apply to the MHC Lys450Glu mutation detected in family C. The mutant lysine residue has been highly conserved throughout evolution, is invariant in all vertebrate muscle myosins (Swissprot Database), 38 and is not present in controls. The rather malignant eVect of this mutation may be explained by the change of charge from +1 to −1 (−2). 4 11 The role of the mtDNA T9957C (CoxIII gene) missense mutation is less clear. This mutation is associated with a MELAS phenotype. 40 Prerequisites for pathogenicity are present: a highly conserved position, heteroplasmia, and absence from controls. The mutation was associated with a mitochondrial proliferation of microvasculature cells in muscle 40 ; however, this finding was absent in our patients. The proportion of mutated DNA may have a major role in our phenotypes, as found in the skeletal muscle of the patient with MELAS. 40 However, given that our informative IV-1 patient is aVected, the MHC Lys450Glu mutation seems to result in a hypertrophic phenotype; obviously, she did not inherit the paternal mtDNA mutation. The child is very young and has no signs of CHF. The aVected III-3 female, like her brother, is likely to carry both MHC gene and mtDNA mutations. These observations raise intriguing questions, and follow up of the child will help to exclude or confirm mtDNA mutation as a potential cofactor in the late congestive evolution of HCM.
CONCLUSIONS
The genetic heterogeneity of HCM seems to be more complex than currently suspected and the spectrum of penetrance or malignancy of MHC mutations is still unclear. Nevertheless, the important message from our study is that more than one gene or factor may contribute to the pathogenesis of HCM. This finding could help to explain why, even within a single family, the clinical behaviour of HCM is so heterogeneous, and why the age related penetrance of MHC mutations alone does not fully explain the phenotypic characteristics. The high degree of heteroplasmy of mtDNA mutations found in the heart may contribute to the pathogenesis of CHF complicating HCM.
